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Ill. INTRODUCTION

Under USAMEROIC Contract DAAK02 72-C-0472, Sundstrand has been developing an organic
Rankine cycle. 1.5 KWe, 28 VOC, portable silent power plant. A summary of the specification
requjirements is presented in Table Ill-.A. To date. two (2) development sets have been delivered to
USAMEROC, Ft. Belvoir, Va. The developrient of Set 1 is described in Sundstrand Report ATR
1182, 6-2474; the following report describes the development of Set 2. The following Introductory
pajragraphs summarize the results of Set I developmewnt and the basis for improvements planned for

Table 111-A Specificationi Requir~m.Ats

11 1.5 KW., 28 VOC. Closed Rank ine Cycle
* Portable, %kid mounted
* Silent at 100 meters
* Capable of withstanding extremely hard usage encountered in military field application simulated

by free fall flat and end drop (18 and 12 inches respectively), vibration, railroad impac at 10 mph
and in transit road test

* Locally or remote station startup within 10 minutes by an inteqral stored energy source and a
manual or external energy source

e 65oF ta # 125OF ambient temper ature, any humidity
* Minimum 3000 hoursi operating life
* Minimum 7,5% Set efficiency at 1.5 KW output
0 Maximum 150 lb. dry weight
* Maximum 8 cubic foot volumen
* Multi fuel operation

SInclineWd operation, 31ottom horieotwl
*Minirniui 95"4 Set reliability

Satadocierate it 1.5 KW in rain anid w ifd (112intfad40nofvetvl)
* 41% voltage reguilatioti. 2 seconds recovety time. 2% voltage itability. 26-34 vajlti adluttment, 39%

voltage tip(At, adiust~a)te currfefit limit, 30% voltage OlP umiid, ns. veload ot I10% anid ovewsvaod
aDesign fot human performfanee anid engtINeig

* 9 ~~~~Masonf eeffipoieft eaatrsi
0Boiler Blufwrr Heatup to operadtfing 'vpta eture am d puurej VIn thfftrIe mirut, OQUIPedJ W!It

aUtom~atie Controlt. electfical [AUWef supOlid tfrof silternaWotoi

souficiant wo kwing flui.4 Wa f" two years of 10,000 Njoni of o&&io'n
*ThrottitValve Ued to eoh-trol v4WprftAW

0 coodeftie Mutst be coflvact. liapt wenigpt. V4ipor waaif us.ig b!0Wrf).

* Lut~ifeatioi sytteffii uu~t be suitable fot moving PUti &,,a hefrmet"Lý V tald tot engine
* Alterntor Tos be bi~fulles &Mi~ have a tldtie eiteatiO8 Wttbfem

ho~t in-e *^s~ a 14 f~pe tatic uxtiof hood, knewo. Ntei a&4 PwtIe WtJSJo"



SET I DEVELOPMENT SUMMARY AND CONCLUSIONS

Tht proqrenl Consitted of

"* Packaglud deverlolnient Sot and beeadboard c~ontrols

"* Limited comp.on~ent 4rrd subsystem tWsing

"* No bf e~tdbomrd system restinq

In turis, of (levetopnficnt effort, suome of the cri ticjl subsystems of Set No. 1 resulted In:

"* Air/Fuei Systemn developed - more than 100 hours of up-eration

"* Turbine developmient - 2900 hours of bearing( testing

A significant artount of iet testing resulted in

a l69 hot testt

* 15, hours of hot testing on the turbcwtvrnator, fewneratuir a~v cod emw

* 20 hours of hut ttsting oni the heter anid Wuiner

0 75 hours of owlation1 On all ac~emot~ies

Thee ver ,vertal ni jiance typet of problem-vt encounitered throuqhot th~ Set I de -ssnt

Weiad, tomec of thete were resolved, There vyere mijlo* pfoblefiti which were identified. includiNg

putetcital so~utiotis. Thewe preentedi comjl~tw stotconttsutwd owation aaid full p"We Output tfiomf
Ueimg d rnoniitrtad &Wd atole i~tt balosw

0 Low tw~g~ne w.aeooraance

0 Apptaoet low tuWWi~ dx;',Wust tenflistiatu

0 StV-uctutaJ Ve~4t"Q O* WO tuftiA1FW t~a14Oak~ týtbV Oft hitVwc41

* Pitut P~umpW~ jfoiraftgQ

It Aia! tirfnsttate4I th~at law tuftk(I, Wtw*Ofniticti' Wait toimady d"'o tiO lt0 Lwv(4 W~imi~ (3# t?w
tuqutie aW~5 E coffictmih thmi wbv.d vai~iab at lkia $41 Of pfi~i-d tut~itwt powe to tw
Q~fjt&ed f tLOe III I j5?.0*A ttW diatj #&t heSet NU, I KC.WW e 4 Qt esI ftto A

tfoe ta~eJ ff~hfi~ ~t~d WJIc~I~94eIII~l.~ ~-4~ t M1 eegii 1. t tc Wk

LAOeli 4 of"a st tuta. ai clat ate t W .t.;t ctmuux"i~ ana T 4t usiq i fWq hwt [i*foUI tuuetfi~

(vive bho: rittlt) It C-ift t* hxx4 that tr* cmlqriall Kwzk plattd tmibied 448k. ot shtf rifit

tut~w it e~ Qagbatiw~4 fa," tt1
toIp e wait tet

[Ot Fittto t________________ ____________ eIa Jttha h battvi aA11 lii

I4



NO~f ~Y.CP~ " WHIt.' IS CP 25 SYSTEM TEST DATA

w8 so MOIIED
NOZZLE

cr PLATE

60-

o ORIGINAL8NOZZLEwi
cr PLATE

0 A^[

a 10
NUMBER OF NOZZLES4
PIM" 111 N I Tts Resu:11

It

6%0 t4IA94 *kwow



r he resulItint proje.ted system per forirna rce with the modified nozzle nlate is shown in Figure i If 3
to he 1.1 KW net output it an averaqe 8 '.active nozzles. which corresponds to the niaxinu i f I",
that the systemy can support. The burner has over fire capabilIity Vhut of unknownr extent. However, at
10 act.ive nozzles (the limit of the present desiqn). 1.47 KW net output powier can be produced
Whether this can he achieved is dependent upon the extent of the overfire capability, the heat
exchangjers. the achievable reduction in parasitic piower and the turbine, pumtp characteristics.

Another problemn was low turbine exhaust !emperature It was hypothesized that quenching of the
turbine exhaust was occurring due to fluid mniratino from the pitot pumnp area. St'iftinq thvt pittr
punyip fromn the turbine wheel end of the assembly wcu~d permit itny leakage to fz~t to th4 hotwei
The Set No. 1 ano revised configuarations are showni irt Figure il 1 4.

Also, [he flexibility of the turbine balance assembly and hotwell, or the CRU (combmnied rotatirti
unit), has resulted in rubbing at the. turbine wheel hub jiid pitot pucrip housing regionfi Theteba-

jil i ben liqh t arnd non-damaqinq in nalture but rionietfieless result in undesirable noise. vilration and
po)wer consumption. Imptoved balancing, an increase mm the Shift diam11ete a~Indmoncijntilevered .

mounting of the~ turbine balance aswembly in the fiotwell have shown by tett to be arm momproveiotrint.

SET 2 IMPROVEMENT PLAN

The tollowimm inilirovemnients were considered advantago.out to iticworagte into Set No 2 wriicrm
coniprises tht Wailt of this reportf

C14U redesign IiiClud"s.1 new. clIos spaCed nozzleV plakc
%tittering of the towwad airid aft hotwe(4
hNjinujtim~. lairger iarmeter sr'aat. shiftmn4w *Sý

pitat tpinffi aft and moiving the bervkinfi4 finrim.aI
speeds about thle 55,000~ rpoii oPeeatinslj sped.

duoiot Pump Ilmptuving thie capotmility 01 I thbckost pýUmw ti

OiseraIe Witrm a bodlittg fIt.wt will itmouveN
"oWatiori m~fguit

Nonia re1Jtod4mi Saverel Uo4.fvft of effnltux -tie n i nilude Mhe

CR~U Inouting rewomieol aid 4eiesWouctir uwhet
-,4 LOIWtnMCeE t~ti anid QaibO4. -f.i.t4kl E4

C415t!f( vwivq*- s ipQof thse itooft wvivet ap&sfti f,5

Wize. ft~lab5Ility v of ipdtItki siý44 Doi

fift~ph* m*&th %04ftw th~ V*u
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Parasitic power

reduction Accessory power is considerably higher than
desi' ed and those areas where reduction is
readily achievable should be investigated.

Star tub' The Set No. sitartup method involvs
retaining pressure in the accumulator from the
shutdown and/or pressurizing as required to

the desired level by the handpump. Both
s1drt )rt-ssu.e and st-rt flow va..es must be

extremely leak tight. Other approaches, which
m;iy be stmpler, e.g., start pump assisted 4
starts, should also be investigated.
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IV SUMMARY

This report is a summary of the development of a 1.5 KWe, 28 VOC organic Rankine cycle power
plant. It specifically describes the degree of progress made between Set 1 and Set 2. Set 1 was
described in Report ATR 1182 and delivered to USAMERDC at Ft. Belvoir in the first quarter of
1974. Set 2 is described in this report and was delivered in the first quarter of 1975.

Figure IV-1 is a photo of Set 2. Table IV-A summarizes its characteristics and Table IV-B is a
summary of the 1.5 KW organic Rankine cycle modification benefit matrix. The Set is a low volume

(-2' x 2' x 2'), low weight (212 Ib), multifuel (demonstrated on MIL-T-5161 primary fuel and
W.F-800 alternate fuel) machine that has had several improverients incorporated. Relative to Table
IV-B these include all of Item 1.0, 2.0, 4.0, 5.0, 6.0, 7.0 and part of 8.0.

Except for battery start, the set is self-sufficient. Output power has been as high as 477 watts. The
set has not achieved design power (1.5 KW) primarily due to heat losses and shunts within the
machine, slightly lower than design turbine efficiency and lower pitot pump efficiency. Of these,

the ,,'tot pump predominates. A small effect in low output power is due to the regenerator
effectiveness and heater efficiency being lower on Set 2 than that demonstrated on Set 1.

The lower pitot pump efficiency is attributed to changes in the pump housing and the pitot probe
between Set 1 and Set 2. When designing the pump for Set 2, an approach thought to not
functionally impact the pump performance was followed to reduce fabrication cost. This has proved

to be detrimental. A
Set 2 is a functional power plant. Its deficient output power needs correction through improvement
in the performance of the components contributing most to the problem. Table IV-C summarizes
these improvements and the resulting output power using actual test data presented in this report as aj

a basis.

Other areas in need of further development include automatic startup and noise level, neither of
which meet specification requirements although improvements have been made in both areas in
progressing from Set I to Set 2.

Other areas where improvements have been made include control valves that are free from sticking,*1 a significant reduction in parasitic power (approximately 76 watts), and an improved boost pump.

Set 2 is a significantly improved functional unit compared to Set 1 and represents a considerable
step towards evolving a portable multifuel, 1.5 KWe, 28 VDC, silent power plant.

I i
PaQ0 10
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Table IV-A Power Plant Chara~cteristics

Production Prototype Package

Weight: 212 lb,

Volune: 7.7 cu. ft.

Performance: Tests show potential for thermal efficiency of 10.4-13.9%

Durability: In accord with specification

Operation: 1500 hrs. on CRU bearings
60 hrs. on accessories each Set
20 hrs. on hermetic System each Set

Demonstrated multi-fuel capability
Packaged controls demonstrated

Other: Reduced gearbox noise (Set 2 lower than Set 1)
Reduced start complexity (Set 2 less complex than Set 1)
Reduced liarasitic power (Set 2 lower than Set 1)

SV7
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Table IV.C I mprovtments

mnprovcments

Turbine: I "crease lap ratio to raise turbNne efficiency from

nuid-50's to design point of 62%; requires no R&D.

Pitot Pump: Increase efficiency by reducing drag, recirculation

Icsses and houwing effects through examination of
vif iable$ experimentally.

Regenerator: Lower effectiveness of Set 2 compared to Set 1

hi pothesized due to sidewall leakage; design to
eli "tinate.

Heater: Lower ri of Set 2 compared to Set 1 hypothesized

du., to manufacturing QC; improve and go to fin-tube
dei ign.

Performance Expectiouis

Output Power

At ilt - .58 .35 --.65 KW (met)
Plu, reduced heat loss 38-68
Plus design regevetratur eltectiveness .60-.85
F lus design pilot pump efficiency 1.1 -1.43

Plus design heater efticieney 1.2-1.57
Plus increased 'uel flow >1.5 KW (net)
System tiwffmv, efficiency (bated ui HHV) 10.4-131.9%

Output power ;nprovenient would also be achevied in a variety of other ways including
reduced pwas,tics, improied rectitier efficiency and incresad generatur peretffornae.

' it
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V. DESCRIPTION

A general description is presenited, followed by a description of how Set No. 2 differ$ from Set No.

The Set uses a supercritical closed loop organic Rankine cycle with CP-25 as tho working fluid.
Figure V-1 shows a working fluid flow schemnat: .'nd cort iponding TS diagi'am.

The general overall mechanical arrangement of the Set is shown in Figure V-2 with some of the
details in Figure V-3. All of the components are mounted to a comnmon support plate which is
shock mounted Irom the main support structure. The condenser regenerator, battery/instrument
compartment, jind condenser tan are located in the upper portion of the unit. Th2 rest of the
compontnts are located in the lower section.

Protection of the unit from rough handling is provided by a tubular frame surrounding the unit. For
further protection, including envirunmental conditions, covering and weather cap are provided. The
weather cap is aluminum with a layer of sound absorption material bonded tn the inner side. The
upper cover is a fiberglass shroud while the lower covering consists of five panels of ant
aluminum/rubber honeycomb composite. These materials provide protection as well as reduce
emitted noise.

Easy access to all interface points is provided though the Set is tightly packaged. Of-th the bu.rner
exhaust and cooling air flow mrerge in the Lfiit and exit through the opening betv-ieen the upper
portimi~ of the shroud and the vwather cap. When operating in an enclosure wtt~ee warm air exhiaust

i~to be- used as spage heat, the bu-ner exhaust can be separately ducted away.

Acenj. tti t -e t-er;r~x interface points is providety through the twinged front door. This area expowse
rht. ".K1 crvini( hand pump, manual valves, fuei teservOi and fuel filter. The battery door is also
hinged 'o, otccess and Watewy replacevmn. Electrical and fuel hook-up points aro, accessible

externally since thewe connectoirt ttrotu~w, thi, wtr r-ecesas in ifie Wue p~twies. For ryairntersance
Put 0OsWs all panels may be retmovetd using a xr--fvq

A systemn schemawtic of Set No. I i.sthown in Figure V-4, and Figure VS ') lu~trates the schematic forj
Set No. 2 along with identification of instrumnwrtation. Figure V(6 is a funetional scemirtatic of tIN

workng lui potionof he ytiem. t cn b wnthat for Set No. 2. the accumulators, a tut W.
4valve, the start presure valve, is check valve, the hand pump and th'e air compressor solemiki4 valye

have been eliffunated. trissed of a PressuriMAt accurfiuldtot start, a start pump i~ se 4W hCh retuceii
the start cofiomal~ttyv i~rf~ T4We V-A is a weiglf uotsriwVr of Set 2.

The eantroller of Set 2 is &tiaJhtiv aitterent so Wtat of S44 1t ue to Owi comonees eftas kvi')

c~m Sat ~mrvf~ItIa ~ ~levs Si4e~t 2
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Table V-A Set 2 Weight Summary

Combustor Extension + Sight Tube ........ ...................... 3.450 lb.
Hot Gas Filter .......... .................................. 1.450 lb.
Shutoff & Control Solenoid Valve (S.B. 1 264 ea.) ..... ............... 3.795 lb.
Boost Pump (Gear Type) ........ ............................. 1.812 lb.
Boost Pump Inlet & Outlet Plumbing + Fittings ..... ................. 0.700 lb.
Constant Frequency Fan ......... ............................ 0.063 lb.
Condenser Overpressure Switch ........ ........................ 0.512 lb.
Start Pump (.700), Motor (5.013), Coupling (3.u00*) ..................... 713 lb.
Shutoff Hot Gas & Fill Hand Valves 01.000 ea.) ..................... 2.0m. lb.
Battery and Gage Box ........ .............................. 2.870 lb.
N-C Battery (9.637), Retainer (.250) ....... ...................... 9.887 lb.
Constant Frequency Motor ........ ........................... 6.575 lb.
Controller + Cover ......... ................................ 9.188 lb.
Lift Pump, Fuel Sol. Valve, Bracket ....... ....................... 2.000 lb.
Variable Frequency Blower, Motor, Mount Assy ...................... 5.437 lb.
Magneto + Cable ......... ................................. 3.000 lb.
Atomizing Air Compressor ........ ............................ 2.938 lb.
Fuel Reservoir .......... .................................. 0.563 lb.
Altitude Compensating Valve ........ .......................... 0.375 lb.Gages (.563 ea.) .... ........ ..... ... ........ ... .. 3,380 lb.

Gae (53ea)............................. , ........... 3.380lb

Turbine-to-Regenerator Bellows ....... ......................... 0.188 lb.
Combustor .......... .................................... 1.250 lb.
Fuel Metering Pump, Coupling, Screws ....... ..................... 0.300 lb.
Condenser Assy ......... ................................. 12.375 lb.
"Fiberglass Cover (6.938), Weather Cap (2.500) ..... ................. 9.438 lb.
Regenerator .......... ................................... 7.750 lb.
Panels (4 Sides + Bottom) ........ ............................ 6.750 lb.
Heater .......... ..................................... 32.000 lb.
Accessory Gearbox (Lower) ........ ........................... 5100 lb.
Offset Gearbox (Upper") ....... ............................ 1,625 lb.
CRU (Noz. Pit. = 11.1, Aft Cover = 6.11, Bal. Assy. 17.3 .............. 34.510 lb.
Frame, Shocks, Mount Plate ........ .......................... 26.900 lb.
Miscellaneous" ......... ................................. 2.706 lb.

Total Dry Weight ....... ........................... 209.600 lb.

Total Wet Weight (2.4 lb. CP-25") ....................... 212.000 lb.

Estimates; all others are measured weights

j , •
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Con-troller cooling fan Eliminated

Solenoid air compressor valve Eliminated

Accumulator underpressure Eliminated

Eliminated Start pump pressure switch

Eliminated Start pump soft start circuit

The fixed inverter was purchased for Set 2 and mounted outside the controller, consequently, the
cooling fan was eliminated due to lower controller heating. For the pump assisted start, the
temperature ready, accumulator underpressure and the start pressure valve circuits were not
necessary. The combustor was determined to operate satisfactorily at low fire without reduction in

air compressor pressure, consequently, the solenoid valve was eliminated. A pressure switch was
added to shut off the start pump after the pitot pump takes over. For startup, to prevent overriding
the start pump magnetic drive, a soft start circuit was also added.

.:A

.- V

Page 23

........ I.



SECTION VI

COMPONENT DEVELOPMENT

4



VI. COMPONENT DEVELOPMENT

Development tests were performed on the constant frequency motor to reduce parasitic power, the
noise output of the accessory components, the boost pump to improve cavitation sensitive
characteristics, the pilot pump to develop a cheaper manufacturing process, the control valves to
provide more reliable operation, and the CRU to develop a higher efficientcy, .,nre vibration free
and less noise producing assembly.

Followinq is a discussion of each of these development items:

CONSTANT FREQUENCY MOTOR

The constant frequency circuit consists of motor, inverter, gearbox, cover, magneto, boost pump,
air compressor and condenser fan. It was predicted to draw 210 watts and measured to be 360
watts. Without the cover, the power consumption was 346 watts, and the largest difference between
this and predicted was due to the 1 phase motor being 43% efficient. A 3 phase motor and inverter
were designed. The test data is shown in Figures VI-1 and VI-2. In the operating region, the motor
runs at 65% efficiency for an input power requirement of 270 watts.

When compared to the I phase motor/inverter, a power savings of about 76 watts is achieved and a
start relay and capacitor are eliminated.

NOISE

The noise level of Set No. 1 was excessive. This was largely due to the vibration of the turbine
rotating assembly inducing resonances in the hotwell fore and aft shells in which it is mounted. A
variety of tests were conducted (at MERDC) using Set No. I as a test bed to separate out the
excessive from the non-excessive noise producing components so that an imptovement could be
made with Set No. 2.

Audible noise spectrum data was taken with the constant frequency motor and associated
"acmeso.ies operating and then with the turbine and variable frequemy circuit running. This data is
shown in Figure VI-3, the analysis of which is summarized below:

GEARBOX NOISE

CALCULATING FREQUENCIES:

I1) All tundamental constant speed motor gear mi*sh fequenc4* we about 3501.7 Hj, wd the
surn of gear mesh frequctifie are about 7015&4 Ht.

(2) The magnetrnotive force wave frequencie fromi fte eletric mutor are 11556.5 Ht. 11"S~ Kt,
• &W 1826,5 Hs.

(3) Line frtqtueNy &W its tfirt haimnics ae 65 W4 n•4 13U Hi.

*14) Roow unbaWace frequency is 67.5 Ha.
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FIVE MOST PROMINENT FREQUENCIES FROM BEARINGS ARE LISTED BELOW:

(5) Irregularity of a rolling element or the case = 23 Hz.

(6) Fundamental rotational frequency of unbalance or eccentricity 57.5 Hz.

(7) Ball spin frequency = 110.4 Hz; 220.8 Hz.

18) kough spot on inner race frequency = 310.5 Hz.

(9) Rough spot on outer race frequency = 207 Hz.

NOISE FREQUENCIES IDENTIFICATION FROM TEST DATA:

Five frequencies with high noise level in two sets of noise spectrum were identified and shown in
the following table.

From these data, it is evident that the gear meshes caused the maior n&tse in the motor gear syntem.
A redesign uf the gear train should substantially reduce the total gear motor noise.

Inverter Variac Cause Associated with
Drive Drive Frequencies

3510 (80 d.B.) 3490 (76 d.B.) (1) Gear Mesh (4 ge•s•at thes ame
,requencI). 41

200 172 d.4.) 200 (69 d.B.) 19) Rough Spot on Outer Race

310 172 d.B.) 300(76 d.(. ) (8) Rough Spot on Inner Race

600 (72 d.8,) 590 (68 d.B.) (9) First Harellooics

Ii

1601(72 d.13.) 13n (66 d.U.) (3) (4) (6) (7)

T -1

j~~ -,s- ,-~,-



IMPROVEMENTS IN GEAR NOISE REDUCTION:

(1) Helical types have the advantage of maintaining more than two teeth in contact during
operation. Because of this, it is possible to get as much as 12 d.B.A. reduction in noise by using
them instead of spur gears.

(2) The finest possible pitch should be selected for the given load condition. This increases the
amount of tooth overlap; the higher tooth overlap produces a smoother transfer of load,
reducinq dynamic oscillation of the gear mesh. This .iso will produce a higher mesh frequency;
however, higher frequencies are easier to damp and easier to isolate than low frequencies.

(3) The lowest possible pressure angle also can make gears tend to be quieter, because thLý
transverse overlap ratio is higher.

(4) For only one direction gear drive, recess~action gears can provide a further reduction in noise.

(5) Gear noise at the mesh can be reduced by designing so that the total overlap ratio is an integral
number of teeth. (Tests have shown that if the ratio is exactly 2.0. the smoothest transfer of
load is obtained.)

(6) Higher AGMA quality level (12 or better) gives smooth operation.

(7) A no-integral geat ratio should be selected to prevent a tooth on the pinion f -om contracting
periodically the same teeth on th=e mating War.

Based upon theV results, alternative offset (constant frequency) gearbox designs were made.
Simultaneously. accelerometers were attached to wlected locations on Set No. I and tested as El
follows:

Channel Location Test Condition

"I Att CRU can, longitudin-til Constant f motof runnfng

1 RNft front fraif., vertical Constant f 1otor running

"4 Aft CRU can, veftical Constant t nuto running

5 Mount plate. vefxtial Constant t nrtot runnin-

6 Off*1 geartwox Vtrticat Constat # mo~tor runing

I Aft CHIU edan. 'LoNgtu(Iift4 Turbift running

MonigP4ate, vertical Turtiiie FUuNN141

4 Aft C)RU ran, VertiwaI Turtsitw rfiufuu

F iqii o VI 4, 6,, 01 ~ait I ate ft P1014~ pOfi Ov tuI Wit4 I U *Ulvos Si iftt 40d~ WOW
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CPU NOISEj

CALCULA1 ING FREQUENCIES:

(1) Rotca, unbalance frequency -625 Hz (37,500 RPM).

(2) El tment train passage or cage frequency - 260 Hz.

(3) Ball spin and waviness frequency 1247 Hz, 2494 Hz, 3741 H; and 49885Hz.

(4) Rough spot on inner race frequency -3287 Hz.

(5) Rough spot on outer race frequency -2340 Hz.

(6) Variable contact compliance vibration frequency 2340 Iriz, 4680 Hz, and 7020 Hz.

(7) Flexural vibration of the outer ring caused by inner ring waviness of lower order 1250 Hz,
1875 Hz, 2500 Hz, 3125 Hz, and 371;0 Hz.

FREQUENCIES IDENTIFICATION:

Vibration data of Channel No. 5 was used to identify vibratoc' rnecnwiisms. The following table

shows the result.

Cause Associated
F-requenicy )Hz) "G" Levt4l with Frequenci-s

620 7.4 (1) .
1250 5.5 (3) (7)5
1870 17.0 (71
2450 7.5 (3) (7)
3100 1.5 (7)
3720 3.1 13 7
4940 1.9 (3) 117)

DISCUSSION:

A) Frott, thewe data. it is evident thwl thcr fotor unbdidrice. Will waviness, iind Wiie r tg wamiamt
of ditteret 0(dell WU~.ed the Major V ratio in thiis rotwt-bearia UYtteffi.

8) The Wfade pe~ain trwquenwy to atMwo the (Ut4 cut-olt i> 10K H4,j.

C) Rando"mtypvie vt~matioii is IrJVgAW(O

IMPIROVEiENTSý

A) fkttei tutu# W~c ItW~W f (ot b~ldoce rui~y tie P40(W') wvise suvwh pain

8) An tflefease Iini tIW ~ n&teft WNtfs wulti in a twJ4c iona0 level qofrtwis tfum~ fin O

ball I tn Foe exifilvW, ttie cIsjaq ut 'iao bafl toooooW ou.ki ite t te

If~~~L~iV~A wiýa ~~ b



C) Ax~al loaid and aligrnment of the bearing should be carefully designed and checked; the loose
balls passing the unload zone or insufficient land height Creates additional vibration.

It should be noted that this data was taken with the turbine operating at 37.500 RPM. Based upon
these test results, the following changes were implemented to the CHU to r-ellce irnbalanci induced
vibrations:

Type Norzzle Forward Can Aft Can. Sendinug Criticals

EP2559-1228 Stainless Steel Alurriinurn 32 Krpin, pump hsg.
Used on Set 1 .032 thick .032 thick 48 Krprn, no pumip

Used on Set 2 .075 thick .075 thick both ends

It should be noted that the noi&L emitted from Sex 1 is significantly qce~er than th'e specification.
The -nalor contributor is the CRU noite. The changes toat were implemented for Set 2 we'e based
upin an-alysis of the data fromi Stt I and were limited to those itemi th'at could he readily
irnpleirenzed to qualitatively reduce noise. A sinitficant (eduction in the component nuisc lcvels
have been made. When peffoirmance testing Set 2, no measuremnents of nloise level were made. To
the naked ear, the noise level of Set 2 his been reduced sigp'itticantly over that of Set 1. Although
improved, the CHU hotwell shell still app~ears to be acr-inij as an amplifier such that thii Set is not
sufficiently quiet to mewet the "pcification. The imrnpvetrefits need to be carried further to reduce
noise to ant acceptable level.

Since the nutwell shell was responding to the rotating assembly intbalance, at significant reduction in g
the amtount of imbalance vwuld also help to reduce noise. Consideration was giveii to both
inipruved low speed balancing and balancing at speedj. For Set 2, the low speed ('-2000 rpmn)
W- lan~cing was imipr oved tfrom O.002 to 0.0002 nnow ifmblalance. Though not ernployed, further
improUvemenft would be made b~y balancing at %*ee at thsis Wsenstvity.

OFFSET GEARBOX

Four ga~box desucyi aptoicti weecoriaidered as precentd in Tabk VI A. The 8efgWvCket It~i
driveni geatto.m it. QhWNn as an eitample in Figure VI-8. Eacfi gea~a was isAllted in Set No. I anid
tetttd with j ficrophuone lueditel 4t the center t tf w c enserf louvots foot from~ the Sit n w, wch
side. The to lowiNg da3ta atC ottactid:

TAb&e VI U Geei and Wit Luata

Fidwo~ VII'S V4r a4M Bell tt i ot I kii u Ie4$t ~aw

Taut~ VI C doni OtA

Vuwew VtIU 10 l a*t plot tvipotstcow)i

C-Ai



T•hle VI-A Ge•boa Design At•foad'•t :.•

Type Gear No. Teeth Pitct• dRa. Sp•.d [tpm} •:•

Spur (Set 1) 1 61 1.906 3450 ;:•

2 42 1.312 5010 .J•
3 46 1.437 4575 ':•
4 75 2.344 2806 •':'•

Be,, Drre 1 18 1.375 3450 ii

2 12 .764 5117•"•
S4 22 1.401 2820 •

8et.q Drive 1 22 1.162 3450 •

2 15 .812 5057

4 28 1.462 2710

Hehcal I 85 1.906 3450

2 60 1.348 4887
66 'l.480 4443

105 2.358 27924I
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Table VI-E Helical Data

Figure V 1-12 Helical db-f Plot (worst case)

From these tables and figures, Table VI-F (summary of the peak db for each location and ranked
from (11 the quietest to (4) the noisiest), and Table VI-G (summary of the selection tradeoff), the
selection of the Berg version was made. This gearbox is shown in Figure VI-13.

While limited noise data was taken on the variable speed gearbox, the levels were considerably lower
than tor any of the above. ;t is also buried in the lower compartment of the Set and no
improvement in noise was attempted although, based upon the desirable results of the constant
frequency offset gearbox, significant improvement could be made,

CRU (COMBINED ROTATING UNIT)

The redesigned CRU is shown in Figure V1-14. Because the turbine balance assembly is installed in
the hotwel( which is made of thin gauge material for minimal weight, it is capable of acute
vibration. Simultaneous with the relocation of the pitot pump from the forward to aft end of the
assembly, the turbine wheel overhang was reduced.

Critical speeds were determined by an analysis which includes the gyroscopic effects and the spring
mounts (bearings) for any spin to whirl ratio. Also a normalized mode shape of the shaft deflection
is given for each critical speed.

Utilizing a spin to whirl ratio of 1.0 (synchronous whirl) and bearing stiffnesses of 250,000 lb!ib for
each bearing, the first three critical speeds were calculated for seven configurations. Table VI-H
shows critical speeds and mode shapes for each configuration.

In order to push the critical speeds out of the operat~ng range either increasing the shaft thickness
(new bearings) or decreasing the length of the overhang could be incorporated. If 0.2 inc.i is

removed from the turbine overhang end and 0.25 inch removed from the pump overhang end, the
critical speed is pushed up to 58,000 rpm (Configuration 6). With a titanium pump housing the
critical speed is 63,000 rpm iConfiguration 7).

Conft"-ration 7 was selected with a slightly smaller pump overhang so that the bending critical
speeds at both turbine and pump end are 65.000 rpm. This is 18% above the 55,000 rpm operating
sed and is considered sufficient, though in the long run slightly more margin is desirable. "he
turboadteratoi is shoý.n in Figure VI-15.

After this redesigned CRU was fabricated, a series of development tests were conducted using
pswous dry nitrogen as the test gas. With the redesigned nozzle plate (EP2559-1228A) in the

as-received condition, stall torques were measured and compared to the original iSet No. 1) noetle
plate a•." the te-t plate (flat plate) used as a bas for establi6hing the nozzle spacing, This data is
shown in Tables VI-I antJ VI.J which revealed poor performane. Consideration was given to
pOWsble manufactur iNg eoor so the drawi n and hardware wet . examlned for possible discrepancies,
e.g.. noozzle overlap, notzle-blade gas impingement, nozzle profile, and blade-diffuser impinge,-'ient.
Multi-size lavyuts and shedowgtaph tracings of the hardware were made which indicated that the
new notzle plate is tjlnienionally as accurate as the previous ones, Onte possible improvement would
have teem slightly feater nozzle-to-blade height lap ratio. A series of wln, flow, and accetNeation
--sts wist e mai l. det. 4u w in TAtke VI-K. The eoinclusior fromn this te6ting is that the as-recived Ai',
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Table VI.F Data Summary

Octave
Center RiCht Left Control
Hz Side Rear Side Panel Avg.__ Rank

Belt Drive 66.0 69.0 69.0 67.0 67.75 4

63 Berg Drive 61.5 59.0 57.0 68,5 61.50 1
Helical Gear 61.0 61.5 58.0 69.5 62.50 2
Spur Gear 65.0 64.0 66.0 65.0 65,0 3

Belt Drive 63.0 63.0 63.0 64.0 63.25 3

125 Berg Drive 60.5 60.5 60.0 58.5 59.875 1
Helical Gear 60.0 61.5 61.5 59.5 60.625 2
Spur Gear 63.0 63.0 64.0 63.0 63.25 3

Belt Drive 71.0 79.0 73.0 74.0 74.25 3

250 Berg Drive 72.0 74.5 72.0 76.0 73.625 1
Helical Gear 72.0 78.0 72.5 81.5 76 0 4
Spur Gear 72.0 80.0 70.0 74.5 74.125 2

Belt Drive 70.0 72,0 70.0 68.0 70.0 2
500 Berg Drive 70.5 71.0 71.0 70.0 70.625 3

Helical Gear 71.0 72.0 ?2.0 72.0 71.75 4
Spur Gear 69.0 71.0 68.5 67.5 69.0 1

Belt Drive 58.0 70.5 69.5 67.0 68.75 2
Berg Drive 69.5 70.0 69.0 66.0 68.625 11000 Helical Gear )X.5 72.0 70.0 69.0 70.375 3

"Spur Gear 67.5 69.0 70.5 68.0 68.75 2 *1
Belt Drive 64.0 67.0 C7.0 64.0 65.5 1
Berg Drive 67.0 68.0 66.5 64,0 66.375 2
Helical Gear 70.5 71.0 69.0 66.0 69.125 3

Spur Gear 72.0 77 0 71.5 67.0 70.625 4

Belt Drive 62.0 65.0 66.0 62.5 63.875 1

"4000 Berg Drive 64.5 66.5 65,0 61.5 64.375 2
Helical Gear 67.5 69,0 67.0 64.0 66.875 3
Spur Gear 82.0 78.0 74.5 71.0 76.375 4

Belt Drive 54.5 57.5 58.0 55.0 56.25 1
ww Berg Drive 58.5 60.5 585 55.0 58.2 2

Helical Gear 61.0 63.0 61 0 58.0 60.75 3
Spur Gear 63.5 65.0 65.0 61.0 63.625 4

Belt Drive 76.0 80.5 786 77.0 78.0 2
A-P Berg Drive 77.0 78.0 76.5 78.0 77.375 1Helical Gear 78.0 81.0 78.0 82.0 79.75 3

Spur Gowa 83.0 83.0 80.0 78.0 81.0 4

Belt Drive 720 76,0 74.5 725 73.15 1

08A Berg Dve 74,0 75.5 74.0 73.0 74.125 2
Helical Gea 76.0 78.0 75 5 76.5 765 3
._ur f ear 83.0 8,.5 78.5 75s0 74-5 4

rw 1Ime

- -



TabldVI-G S.I~cvoo Tad1off"

Helicjl Spur

Times lit 1 14 2 8

Times-?nd 1 12 10 2 -A

Times 3rd 5 6 12 9

Times 4th 5 0 8 13

32 32 32 32

A.P

Times lit 2 2 0 0 Al

Times 2nd 1 2 1 1

Tirnes 3rd 1 0 3 0

Times 4th 0 0 0 3

4 4 4 4

A A

Times I it 2 2 3 0

Tirei 2nd 2 2 0 0

Times 3rd 0 0 3 1

Tim" 4th0 0 1 3
4 4 4 4

Pwr. ConsumptiUo
(watts) 280 2621/4 246 252-270

ITaken ont 1 Unit)

Selection
Ba~s(j on lowest Ao0i2 X

on P

i.
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SET NO. 1 o&3

OPER ATE S SURE RCR ITICAL

REF: E P 2559 1001

SET NO 2
OPE RATES SUBCRI TICAL
LENGTH 14 35 INCHES

REF 9S0I
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Table VI-H Turboaltemator Pump Rotating Shaft Critical Speed Configuration Analysit

Turbine Pump
spin ,, 1.0IF_[ A - *-A whir'---

Stub Y = 250,000 lblin

Critical Speeds

Confguration 1st 2nd 3rd

1. Original shaft 29,500 RPM 71,000 RPM 169,000 RPM p

2. Aft Pitot Pump hsg. 47,500 49,500 75,000
with stub on wheel

i ~(steel hsq.)

3. Aft pitot pump hsg. with 49,000 53.500 74,500
stub on wheel (titanium

4. Aft pitot pump hsg. no 48,000 57,500 77,000
stub (steel hsg.)

5. Aft pitot pump hsg. no 53,000 58,000 76.000
stub (titanium hsg.) • .

6. Modified - .2" at turbine 58,000 63,000 89,000
overhang -.25" at pump
overhang (steel hsg.) -

"7. Modified same as 6. only 63,000 65,000 87,500
(titanium hsg.)

K,5

IIA

______ _____________

• Iml = • m l
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Table VI-l Summay of Stall Torque & Spinup Data

Nozzle No. PNI Tq w Ax. PNI
Plate Not (PSIG) (in I) (Ib, sec CI. 9 55K Commenlts

OUllinal 9 1350 12 .094 .0.3A
,,,^ . 0.5 .033 .034

EP 2559 1228 850 7 .061 .034
1250 13 .069 020 660 Flows may
830 8 .045 020 ) 52000 quntx Ablee

1350 13 .093 .010
1250 12 .088 .010
850 8 .061 .010

4 1310 7 .035 .020
1250 6.5 .034 .020
850 4 .024 .0.0

Flat Plate 10 1250 16.5 .110 .020 400057000
(Close Spac(ed) 800 10,1 .068 .0r20
EP 2559 1210 7 1200 11.3 .074 .020 480V 50.500

850 7.5 .049 .020
5 1215 8V? .052 .020 580 @ 56,000

850 5.5 .036 020
Latet! (A) 10 1350 11.5 .094 .020 750 Q 60,000 (Run 203) with
(Close Speed) 1200 9.5 .082 .020 204 PP 4i,
EP2559 1228A 850 6 .058 .020
003 CFRU 7 1350 7 .N"3 020 800 54.000 (206)
002 Exh. Hxq 1200 6 .058 .020

5 17 74 850 4 .040 .020

Tabl VI-J No manmetonle,," Stall Torque Datu Uing GN 2 (Doc PA 5290 AR 2W)

No. M Pe . pinN o t P lta e N ot A .R WPS WA p R. , c olt. r MC4 % r t % 9_ _

EP2-- 122•A 10 2l6.6 136t 84 .6582 .6196 10 r.S 17

1• M 666- 5 38? W W1 W0 -9t 93
1266 116 8 61721 66 s66 M

7 2b.4 13" U ."n .46116 t 41W 6

26 (7 8$726 Ma 6766 104

lid

Fiat

1~2b toQ 10 Iz, 126 16 W31 6316 W 11W6 1,

7 12.4 t6 tit1 42 cut6 W2 ?2W lot

kpMl 6W 11-t 1366 64, a.0 t MW6 to

4 11 34 tU 6 0 " 64) ;W k66k t Ito eiftto"

t ih, A-n
________ ____pow -
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Table V1. V CAU Test Data
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njzzle plate was not adequately clean and install Iing flIush parts to clean the nozzlts was sufficient to
enable predicted performance to tne achieved. There was still a discrepancy uetween measured and
calculated flow through the nozzles so .- 'er brass plugs were iostalled in place of the steel plugs to
minimize leakage that might escape through the flushi ports. The resulting non-dimensionless data is
shown in Table VI-L and Figure VI-16 from which it can be seen that reasonable correlation to
prediction exists.

VALVES4

Three hot gas solenoid valves are used in the Set, one shutoffI and two conirol valvos. Two designs
were tested, one designated AG56C.?1 and the other GA-i 7310. Both a'e pilot actuated valves with
the former being significantly smaller, lighter iq weight and more leak tight than th~e latter. This
valve is used in Set No. 1 and of ten experienced sticking. They were replaced with the GA.-17310
valves which cycled well (except at low voltage conditions).

For Set No. 2 both valves were modified. The AG56C 21 intefrnu clearance was increased. The
GA-17310 valve was modified for a Hastelloy 25 seat and a Stellite 6 nard fac-ing over 1 74 PH
poppet for better internal leakage and long term endurance, Thti solenoids of both were also
increased in size for higher Pull-in power at lower voltage.

The GA-17310 valves are used in Set No. 2 and have performed flawlessjy during test*41g.

J,

PITOT PUMP

The Set No. I pitot probe (EP2559-I 148) operared at 28% efficiency (refefence Figure VII-91, arid3
was internall-i milled and externally shaped by hand. In ao effort to reduce the cost of

A - ~ manufacturing the Set No. 2 pilot probe (EP'2559 5969) was stamped internailly and milled to shapl.
oxternally with minimumn hatid finishinq This accounts for the more simpl tied tf-ape of this probe.
Rig tests showed little difference in perforirunce between the long anid short nose -4ersions of a
given configuration so the Set No. 2 probe was miade wit). the siort nose. Little difference was '7A
intuitiveiy expected in efficiencv.

WO0ST PUMP

* The boost ptimp (Micropti.mnp Model 104,9&316-961) supplied with Set No. 1 included a 2 fluted
inducer. The pump showed difficulty in pri'nino and oprt~inq at a low NPSH. It was conceluded

* ~that in imriroved pump would be ddsiieabee

For Set No. 2. two othef confiquirdtiof pumps wete Wtfttd. One was 4 Mlicfotiuffp Model
10-903160961 -nodified with a single flute. This purnp expefieiseed lesU difficulty rin Ofming 4Wi
was able to puntip its rated eaaiydown toj 9.6 pw wlt~ee the pumip loat driffife I

The iflhef contiquf ation pwti~ip tested was Miciropum~p N"da 12 W0-3O'j 763 wat Pump M&'ie
voth an oversized f3/8" dtaametef) inlet. No difificulty Was ex eienced in Ptirniitg unider very low
conditionis of NPSH And the pump ex-ceeded capaeity tecquivenwieita ini bWtl head rise and flw The
w'*np was tested undef siffulated eond~tioni in the hetwell Willi 0-25 As the wW ý rigq flud do*n
to NPSIA -' 073 peii and an, Wnet 'lead ot 4.5i nifhe6 The Pufal) peformed4 ssisvt.l Kun thesiw

- ~c"ondtons and was able to execute a %dilied Ot sWtOt ~id sW~ wtV'ot*WXNU WAn kfie. 71,W pwjnt

~haiaeiises ae sh"wf- in Ftoute VI- 17.$
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Tahle VI.L Data Summay, Brass Flush Port Fittings

G ON 2 A•ccl Data 2 Noz 3+2 Noz 5+2 Noz

Speed (Krpm) 35 50 50
P R 382 232 166

T meas (ft Ib) .218 .301 .411
T Pred (ft Ib) .171 .313 .445

meas (Ib/sec) .017 .049 .071

pred (Ib/wec) .017 .039 .057
meas .587 .288 .275

pred .574 .358 .342

peed .448 .373 .370

GN2 StAll Data PNI (Pre T (Pre) PNI (Post) T (Post)

2 Nox 840 2 1060 2.75

1190 3

5 Noz 650 3.5 1060 6
1240 7.4 8.3

7 Noz 660 4.75 1018 8.5

0200 104

10 Not 650 7 1000 12.5

1150) 14

GN2 No Load Sptrs Ot4

"- J, •Pe 8fjas 390 PSIG @ •0.5 Ktpm

50 PSIG @ 61.5 Klprps

"Bs5

-iii

.-. ' -..--..

I"
| : - " "
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There are conditions in the set where the NPSH could be on the order of the height of the fluid over
the inlet of the pump. The worst case occurs at shutdown or during a load reduction where the
condenser fan cools the condensate to a temperature below that of the fluid in the hotwell. Under
this condition the saturated fluid in the hotwell will boil. To ascertain the capability of the
12-00-303-763 modified configuration pump to continue to pump, this condition was simulated 4
using water in a bell-jar and pulling vacuum until a rolling boil occurred. Visuahy, it was observed
that pumping continued.

It was decided if even a slight amount of subcooling could be done between the hotwell and the
inlet of the pump, that some positive margin in pumping characteristics could be maintained. A
calculation at a 160OF hotwell temperature and 100°F air temperature surrounding the 3 inch +
transfer tube indicated that by finning the tube, 20 F of subcool could be induced.

The cooling fins and the as-described modified gearpump were selected for Set No. 2.

START APPROACH

The Set No. 1 start approach depends upon an accurate measurement of the heater fluid
temperature to trigger the opening of the shutoff and control valves. Withi the accumulators in the
system to absorb the expanding fluid backflowing from the heater, system pressure would build up
as the temperature increased. When the temperature and pressure are in the vicinity of the design
point, the valves are signaled to open and the turbine would accelerate to control speed in a matter i
of seconds.

The heater outlet is at the high point and so the control thermocouple was placed at the outlet
under the hypothesis that the hotter fluid would migrate there. The result was that with the valves ,
"closed during the heatup period, the thermocouple was not sufficiently buried in the heater to be
exposed to the maximum temperature of the fluid. Overheating of the fluid during startup could
occur and was prevented by premature manuai actuation of the valves to expose the thermocouple
to flowing fluid. Only then did it accurately register the temperature. To rectify this condition for a
satisfactory automatic start approach for Set No. 2, the followingl was considered:

Construct new heater with buried temperature sensors.

Sense heater inlet to pick up the temperature of the fliid backtlowing out during heatup.

Cycling the start flow valve to intermittently expoe the outlet th tt-oue to hot fluid.

Use pressure as an indication 04 the start signal.

Boosttsrp or 4aistea 4oostiap start of which the wte 4 variety of techniques.

Any of thew appruoghes requifre a chatige to the coatrullet. Additionally. an i ,twnst
corwdefatloo 0Wa the dittiereoe to eite betveen the V&QW liou ntlr~da

* ~~Test% vwee ct&c~ted at ME RM( em Sgt No. I ionfdited fot a itarft Pun*I dwasted bootstrap mtan.
These 0efe not fully autoftiatle starts but were ffiaiiawlt atwisted. Vitt i~ta is tweteatod in Figures
Vi-18, VI 19, "n VI-20. These tiunitated stdits are aceptWat.~ A pWot ot pumip tw*tCute Ipitat
pufli against thatr usd 00 Set No. I) vi. uwed MQW0er V11-211) ufimp* that tow pitt ýAwW~
oviexf.'tp os taft Wtf gorti atgum 116 lPWo ari LOWO f fiS.
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These tests provided justification to switch to a start pump assisted start approach using a pump
with sufficient margin to provide the required pressjre at 10 nozzles worth of flow. A calculated
flow value of about 0.1 gpm as a minimum would be necessary to be provided by the start pump.

"Iwo Wankel rotor pumps were tested; data is pre.cnted in Figures V1.22 and VI-23. At the risk of
being oversized, the P260 pump was selected due to the marginal head rivt. of the P193A1 pump.
The finished hermetic assembly is shown. in Figure VI-24.
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SECTION VII

SYSTEM DEVELOPMENT
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Vit. SYSTEM DEVELOPMENT

Unit No. 2 was tested as a iomolete packaged system except that the control box was net instaqled
and an externa' power supply v, s used to operate the start oump and scveral parasitic loads. Figures
Vi1-1 through VII-5 are vario, views of the 2' x 2' x 2' system.

Thirty (3M.) tests were conducted at Sundstrand and sixteen (16) conducted at USAMERDC
laboratories which form t:c- •.•sis of knowledbe about the system at this writing. Throughout the
test program several ,:)anges were made "o improve operation. Figure VII-3 is a schematic which
represents Sundstrand post Run 017 tests while Figure VII-7 i' - update illustrating changes made
at USAMERDC (most of these changes were made prior to 6.20-75).

Test data is illustrated in Table Vll-A (Sunds,-and tests) with data analysis illustrated in Table
VII-B. Table VII-C lists data anJ analysis conducted on the Set at USAMERDC. The results of these
tests indicate that the Set is ntt prodi'cing the required amount of output power. The following
discussion elaborates on this result.

The changes made between F- es VII-6 and VII-7 were an al tempt tc. isolate possible heat shunts
to ascertain any effect on oi ower. These includcd the fc lowing:

Two of four condensef drains capped to induce the condensate to drain ti.rougn two active
drains.

Hand valve instalied in the one of twz active drains which dumps conde-isate into the hotwell
close to the exhaust housing.

-, The regenerator condensate drain ulosest tc, the reg,:nerator valor inlet port had a hand valve
installed,

The effect of these with and wthout the valves open did not materialize in any obvious change to
the output power. In addition, the hotwell was modified so that condensate would drain through
the main hotwell into a modified hotwell, Ihis also had no noticeable change in output power.

" Other di'fer.'nces between Figures Vll-6 and VII-7 are i,.imediately downstream of the start and
pitot pumps to gain knowledge about automatic start characteristics.

STEADY STATE OPERATION

Figure VII-8 summarizes the original design point performance. Review of the Tables VII.A, B, and
C indicates that the data falls into two categories:

Data at greater than dez;gn turbine inlet pressure (PNI)

Data at greater than design turbine outlet pressure (Pc + AP Pc 4 .3}

This partly, but not ful!%,, irxplains the low power. Other contributing areas are summarized as
follows:

Page 69
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Set I Set 2 Desigjn P1.

He~atEr efficiency .88 .82 -. 84 .88
Rcepneritor effectiveness~ 80 .69-- .74 .855

Pttpump efficiency 128 .12-1- 165 .35
Turb~ine Efficiency .31 (1sdee ) (21 (3) .62
He"t Shunts Not cosdrd 0

The. quLJlity of the data 'Jo1 Set 2 UXced~s thrat onl Set 1. Nonetheless, it appears that heater anid
rclqenerator performa~nce is down shliqtly. This mnay bC dUC to maILNutatuinO OC for the heater and
either core- to housino fit and/or sliqhtly undersize for th, regenerator. Thewe cat, be controlled
at the design level anid do not represent an R & D effort.

The expcctatiort tor 23'%i pilot pump efficienicy for Set 2 was ba svd upon the data obtained tor Se7t
1. Thi% it, shown in Figure VII 9 along -vith a plot of Set 2 pitut pump power consumption. The Set
2 pitot probe was desivied to be more cost effective thao that of Set 1. These ditterersces are
claborated upen in the imipraveriletts section.

The tuil-irie performiance at Set I was low primadrily due to the separation dilStdaLe WtAtWeer thle
irnzzles. The efficiency ot the turbine at Sot 2 was ii'vesti~uxf in leveral ways. The data of Tablel
VII B and VII C %how% turbine efficienicies bised on shaft power (calculated tram ruijeauro o)utput
power *rectifier and gencrator losses + pwrawiic losses * bearingn and rotor win-Jage loiwil) and
Cuithajlpy (based on Ilwas'ured turbline inlet tenive~rature and pressure). Thewe rnti-X fromi 27.i6 to
W9.6% wilr; the lower efficienicies occurring at higher than detsign turbine back pressure.

Figure ill 10 is a recordling of Run 030 train which the slope ot the accelerating and decelera,*w

portionis of turbine speed tirace wias used to determine shaft power and predicted turbine eftrcieriey
This datd it summarkied in Table VII 0 troni which the following is mvdent;t

- Measared in' aed Predicted rn' CP 25 agree

calculatd shaft lo"s and thAt basewd oni output power Weerally agree

tcaiculited Flt tWasd on decelefatiolld~deeleation an~alysis agree with the auerage ilt calculatod
tramf- uutpc~t Vower Cons-idenirt that flo-o to the turbine ij Cycling tfront 5 to 2 noiules to

traoitain ttabone wtxvi at tii ý I Krpni. Thu% the turbine 4ppeans to be owirtiog clow Wi

predcttd thoawjh the ux"e trice tcAle Kukes quaht - analysi dilts~uIt.

Twbtinbe efficiency depoft*., upen inlet eoutlitions. e~tt ConillIM arid deree at adrl~iasimn. Als
%Wwo ins r Tab~e VIII 0, vtoi "',Wa adisiSWOO Ottt 11i gitficaat 112 M04 wS. 5 S nio*t)t

A unther anllyut Wd* ke-Wtriswd to Lkwrmlutid it hocit loss inv the msune hv~wsr4 w.4i coo rbjtnsg to
Woiit iPte 4etoud F~ ss --u t1 l14y iere flt a t~itig$ pci~i~tb Wtiwamit atid putet. The foll~M ti

th*f~~t aWS.fQWO t~~ej~j- ~~ ~dtV

O3(J I otw~l .~a& t~el elpaw 111W i~ho~i

tow~ MMtuti~otet~~iiJ
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I I' o RUN 165 001 PROBE!002 SHAFT

SRUN 185 1I10, PRE SET 064
uj I RUN 186 POST SET067

7000- RUN 18_ 002 PROBE
uj~ SET RUN 067. DATA PT. 3

c: 0 RUN 200 001 PROBE!003 SHAFT
900 + RUN 202 1810, PRESET 068

70 1
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028 2 fHotwell liquid ievel cont~acting turbine housing
Oesiqn I,-int turbine outlet conditions

16 5 Hotveill liquid level -- 0. flow throuqtr into niofiN.I.

& hotwell Iholding tank attaiched to bottorn of hotwe .1
16- ? Design point twrbine inlet condition

The objective of the arralysis was to deterirnne turbine efficiency usir -, t data armf (-nsiderinq
he'at Isset, to ctetertnine 'why the tegenefator vapor inlet ternrpvritor i 30- 60,11 lower thanl it

should be and why the ditetent hotwell liqluid leel did riot nin. slite ini a puilnificin~t chanqe Iin

outitut power. It 1iA4Mtxh riotirq that Set 2 has produced o.) to 477 . isitt net output p~owver, but fir
ajll the tests Un the Yera(IL, ntt output povwer is close to Zero.

Three heat transfer arralymnr were coniductedl tie wet, partially c~ry. and dry ca"e to sirnolate- the
tollowiniq condli:;o01 reupectively (1) hotwell liquid level contactiog the nozzle plate. (2) hotwIll
l1(uqud level below hth nozzle plate with the bearinrj drf~iaqe flowinq doviii the lace of the plate, anO
(3) no liquid ii thre hrotwell with the betir inq drainaqe riot cntaiCtiurr4 the face of the plate. Note that
cia exlierimcnlt imiply the tiewrirr drainaqe flow% down the face of the pflate. Table Vll E i% a
tunliriry or thit aiialysil fur Roll 030 1 which iindicates that the wet case ha% appro.inimAtly twice
the heat lults a% the dry Cite. and the pred(WMinant lots it the heat flowv to the wheel. i ble VII F
-iset rhes heat flowt arid .pjfit, i-rin to the varlois tests to determiine Which Case best repu'ewlnts
cachi testt how the piredicted fegeneraitor vapo~r inlet temperature (TRVI! compa~res to that mieasured
and what the real turbine etticiency is tictoriirg in heat lontes. The asteritks in Table VII F indicate
the caws which typjify each test run by choosing the cawe that most clearly matchesA mneaured
THvi For exaitipic. the partially dry cawe bet! describes Run 0.30 1 since the calculated TRV' ,
only I ý0 F lower thant that measured. The heat lottat the inlet of the turbine it -roall Wut is a factor
The cufretputuivqi' turbine e",1nciriue compare well with thre data of Tablei VII 8, C, arid C) The~
turbuiev officreiicy of Run 016- it low Itue to thre very hitp. back pressurt At the designi -asu
ap~uIroched. the turtmie etflcrecicy bomesvre hoijwr4 and iccheii that tit Run 03& I

Pltouii thus, a pireiction it miade of the expetitdt output Power with thte correct desigO ltubfmn
cuonditiols and *hat may be vxptctedii t tihe perfitil4idoce of Certain Curtiw-fineitu it improuved Por

thit anatyses, it it asutmfed that delign Point condititwns aire actilever.I at the Iiriet Sad exit of the
turbile ltij reducinq nuts CUridenialble leak-4 Into triu low i."elture slide of thle IVysterri amid 6,3 tleat
lottes, can be reduced to the dry case. Additmociatly. the geflefatol adix rotifier, luot wes takett 3a
the *wfl* tsusst~aie (mas (Would bec lower usunig T14A tjafta. lereenceo Fitkire VII 1.If" patsd titits aare

tase aa ib higfiet uiwatured (twnsg - 46u8 -&1ý watt-aI It It tuiltfse a.&tui,,ei tMat the reductioF1 Ii
1-cat lutz Ili the whecel olyI ti roves %Pjttf VOVwer uridireefy tftftsuf4i q~ttfW I iO4i &ia* the
4whity ut the 5~teifl to 5I~U*" Vte~tw we tflatow

TF'u.,t. the Fftult" of th'it. atiialy~izi. tpftcseivtd iits Table VII G~. are w,4sevtveai if"PlvI tei

AI ha ýd fit. OW4 waatt-- it the h~t4Smt+UM pi;ef tha~t ueai' be calueted Uut df Satt a. dtowgi

The# crfcet at Pica~ kjeA t6 iiot ýavigiii#.it

The Putot piuf~w is4 the v~taesi Cuttrtliar to 10*- uutpul~ kMuawof
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TAle VII-E Heal Loss Summary (Run 030-1)

Partially[Wet_ D r_..yv Dry

Inlet Gas --*-lnlet Hsq. M.L in) 509 398 342

Exh. Gat -o, Exh. Hsq !QL exh) 119 71 38

Hot Gas - Wheel (QL) 2397 1158 308

Disc Friction 1DO) 670 610 670

Pumpiri (P) 125 125 125

Total Loss from Exhaust 3820 B/hr 2422 B/hr 1484 &,nr

Run 030 cond,tions

1`1 77.3 Ib/hr
TNI 8 40°F

PNI =974 psia

Pc 16 4.0PsIa

Sizovewipfig Lo•(s) - 410 B/hr

.if
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Tobl. VhIF EPfs~l of 4cat Lost on Porfotmar~ac-

Wnrdiction of Aftigartwatot Vapor Tin T)'
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TNI TRV
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Tab[. VII.G Prod ltd Pfffo0ma rinct

Run 030-1 Partial Adm. lo;%Fr$ & p.arxial fivt rati,
r-1 120 Ib/hr & ri- 58 .I

120 1h :hr E R - a85
, 51- 58 ,1)e- 35 , asI$- 88

Shaft Power. w 2470 3017 3179

%JO 900 496 496
1570 2b21 2683

-(BoWl 65 65 65

i 5F3 24'_E, X18
(, & R 286 (.81) 422 t83) 450 (.83)

2I3-- 210i'+68
P6,,si,,- C00 600 600

619w 1434w 1568w

SUMMARY KIowatti output

* Hl. Lout

. Ht Lots HI. Lot * ER R4
Run Zi+meli tt "i"tE Ht Lom') p p lip -?IH

Q3)l PdftsaI kfol & tilt! Idle

12 0 It, h, & 58t - 58 62 1 43 1.57

02 , Lw Tjt 58 I61 .58 1.21 1.32

16.6 H 'h W k p',e .65 W 1 36 1 47I

'7 Hgh b4ck wtt3 35 38 GO 1.1 1 2

"1:
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*4i i i9I i
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Reducing the hemt loss and increasing the periormance of the regenerator, pitot pump and

heater will bring output power to 1.2 - 1.6 KWat t 10.4 - 13.9% thermal efficiencv.

Hiqher output power may be obtained by more fuel through-puL
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SECTION VIII

IMPROVEMENTS
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VIII. IMPROVEMENTS

STARTUP

Automatic startup was not achieved on Set 2. This was due to two factors:

I) Too high a degree of flow from the start pump which precluded enough temperature rite in the
fluid prior to pitot pump takeover.

2) Possible takeover by the vitot pump at too low a turbine speed aidor at too low a working
fluid temperature.

These conditions caused the system to reach a bootstrap equilibrium poinr at a temperature below
the critical point, at a flow above the design poinZ and at a npeed below rated.

The start pump is oversizeL and needs to have its output reduced to effect a bootstrap start that is
compatible with the fluid heat input and turbine/pitot pump dynamics.

OUTPUT POWER AND EFFICIENCY

As the dvscussion In Section VII indicates, these factor{s relate to several components.

TURBINE. The turbine appears to be operating close to design though low by wveral points.
Increasing the lap ratio would allow mnre optimum entry of the gases into the blade pads±aqe. Design
point efficiency of this same turbine with a higher lap ratio has been achieved on the Reeniom

REGENERATOa On Set 1 the regeneriatur howed betief peftotnane than on Set 2 The

constfuction is that of a Core slipped nito a rousing, The Implication % that there may be a
sagnificant amffount of side Leakage around the cote ofi the Set 2 fregeneator that did not exist on Set
I Tiglter dii•iensional control, investigtiua of tlierndl f atiue.'eapaefsiwo characteristics and

" ,•min•foved ,tie~.fttg quahlt •thtul(A ,fier' the eh•ttectwen.u to the deu..ý value.

"½ HEATER. The heater elttiiency is also lower that- that ot Sit I an. a few peceentage potint lower
than desiln. FUndam`IentmAllv. a tin tube heater wourd be hofte repraxIUCIhl than the present a B
design. The design point ethieteacy to a tin. tute detign is Achievable It the sante vwolume am~ at~evdW ,,•iht in We all U pe. j

P~ARASITIC&: The efficiency ait the constant trequency Motor vecu~cd pa aitici by a net of 50j
"watutsactoring in the inreewd powerf tthe quieter contant frequency geaftoa. Further reductio
can be achieyed partia4arl I if a sinfgle va ia'le speed mot0" i11 u1d to tt0i(MYS all PdatI icicz rather

tIhati the ~W ttt vdniabut and eanittaft swoed moiwtors each Si viN~ tglected Paivhtt eic

jiF FIlCI ENCY Ini tuisenn~liN the efficioeny that can tbe exooecte with anwtle generatti on f
ptaawafe, frontf Seetion VII1 it vis se thint Iepoe iets in:J Meat ki ontrol. Ptiut pilimo ettwiesnY.
regenierato effectivenss and Neawte efficinen wAill yietldI I - 1.4KIV at 10 4 -- 13 9 ther mal
efficýiency. Further rnfsroecn t ~ eea U Wi ieido 4V wincrasj turbnew lip r~op am ti d :.

-t -ý
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WA



I was 28'%ý and lor Set 2 was about 15- 16)ý. Figure V ItII 1 illustrates the. differen;ces be~twreenI the
Sct 1 ind Set 2 probes, The probe for Set 2 was constructed in such a way as to be less expe~nsive to
fabricate. In so doing, several characteristics, such is the leading edge. X sectional symmletry. and
inlet geomnetry of the nose! changed. The housting cavity is also different. It is hypothesized that
probe (Iraq, recircu..ji -n and/or sidewall effects of the housing ire inducing excessive losses.

An investigation was mddte to d~ete~rmine if the theoretical probe dIraq losses art! consistent with
achieving the original efficiency predictions -which were obtained using scalinq criteria, Table Vill A
Is a SUrmmary of measuirrd power, piredicted pocwer and drag losses as a function of drag coc-ffcieiii

Literature for streaniihne struts and foils indicate a C[) = .009 is commion which reMIII tM iJ a pVef
loss (if 63 w. Adding extra dIrag for the nose (C0 - I considering as a scoop) increases the power
loss to 188 vv including the centrifugalI seal loss, This does niot Include recirculation. sidewall1 effects
and inlternal inlet dIrag and is less than a 35". pump would permit (a total p~ower of 215 w)
However. the proximity of %idewalls can push CD to .1 i"nd in this case drag t 6W0 w which is
comparable to that rne~sured o0 Set 2.

This discussiun indicates that thiere are geometric explanations for the higher Set 2 pitot plumpi
power loss. To re-duce the losses to that originally predicted) is realistic but will require
experimnwrtation with the variables to arrive at the desired pue:.rý efficieincy.

NOISE While significant improvemient was miade in gearbox emitted noise. the CHU is still the
imajor noist: produ cer. Although between Set 1 and Set 2 the noise level was reduced (stifferning tfie
hotweill. it is niot sufficienstly low to mleet the noiseless I00 meter requirement". The reason is

largely (foe to a9l the resonances of the hut~wll riot being eliinitnated. Thus, the hotwell responds to
the rotational disturbaznce of the turbine asseatbly. Further inmprovement could be made by
reducting rhe input disturbance. This would require nimprOvinig the 1b4lancii of the- rotating assemnbly
by balancing ini the operatinq speed region. Suriidiiraiid'S ReMeons power plant 15 dn exdample Of a
very qjuiet irnachnoic. It is heav4y but nonethelets atteits to the solution vapfoacii of stmifteing the
hotwell as the method to preclude repunding to trie one per rev of the turbine rotating astsenibly
Minimal weight increase would De -neurred by uting ribs, betitef moiunt airangentent. eliminiation Of
flati uii the hotwell wftnch ea-sily deflect, and a txwe c ntilovered miounted turbai no roating assensbly
to 01lirinate itt owni %elfinducetl vnbration.

BOOST PUMIP Bietween Set 1 aiid Set 2 an imptoved sotpump wai developed, howev~er. there
Wte eciercumstanice .sl'ife b~oiling occurs asi the condenser os coo04ls the Wnrdeniste dur1ing Mtransient
Peel uds4. Evtfi the Sot 2 boost pump vwill cavitate in thetecrCtsa"cs Suridwtand h4s developed
fLW Renncurin Q boost pumfp capable oft hadlinq boil-Ni CP A.% This Its anrominal 10,1200) ,prrs
ecirittituqal Pump Whsich hat to date exceeded 600 hoursý ot oi-r'afu'n and dem-iifstrated its
integrity Thisi pufriv It KUidll tsuted to the RAERUL 1.6 K.W unit tinceu it tii destg~ie tfr eotiipaable
h~~ atid piessfure.

LiTmE R Othef wedsS of irtviovwwtiot vw4f c P perited in the Sdt I F in,4 Ropwt.st ATM 1 IQ,. date
6 24 14 Many ut thtig weire nut icttwuttatetW into Sc-t 2 and teman wamni af1.

C -f MOLS TI14e onttrolletsu used to( Lnilts I and~ 2 vwrt Oc5mo*s tu ftif~tth rE meiiftt

tý'r Wccititcattie ifs10aiNg uids Of Piefewft Paitk. To tfftt thev ufrault fol4Llmfirefntii Ovefp the
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MERDC EP2559
S148 5969

'UNIT i) IUI ,T 2_)

MEASURED EFFICIENCV (%) 28 15.6
Power (w) 470 8140
Hyd. work (w) 130 130

P Hyd. wk (w) 340 710

Cent. 3ýeal Fst. (w) 32 32
Draq * Recirc. Lose, (w) 308 678

PREDICTED EFFICIENCY M%) 35
Power (w) 377" @CIASYS • S 01%
Hyd work 1w) 130
P Hyd wk ýwl 247
Cent Oeal E-.. 1w) 32
Drsq * Recif. Lom s (w) 215

PRO13E PHEDICTIONS
Vel Ranw•t tiwcl) a 'J -

NRI Rivicle 2.6X1O5 92,;06
Vxr't. Sea Lots 1w) 32 32
Dra •C Ll- 009 (w) 63

V' CD - .060 (w) 4!0

" O CD - 100 1'v, 680
SCD - 0O9W 03 NuIwW 100
LI @Cu- W9 , Now I w) IRS
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the overall parts co.int arid ineet the operational recluaryentsif. They are. suqqestet circuits and have

riot twen built antI tested. In erdrition, they no not always use the military preferred parts lst since
this list ldqs the state of the art and, therefore, its use may induce less than ideal design-

The controllor block diagram is shown in Figure VIII1 2.

The auxiliary requijtor can use a precision l.C reijulator instead of zener diode and op amps. Thý!

output stage can reriiain the same. The trariqie generator output could be sharted by both the
auxiliary and main regulators.

The malr, alternitor regulator uses anr I.C. regulaitor for error ampl ificationl and reference voltage
souirce A comparator sumTS the output of the requlator and( i ramp generator to produce a PWMV
signal to drivet the field- The field driver circuit can remain the sirme.

Thre current limit circuit uses an F.ET. as a varwiabe resistance to lower the reference voltage comling
fromn the vorltage adjust pot. The current limit approximates a constant power slope.

Tie newi regulator circuit as shown in Figures VIII 3 anid VIII 4 h.-s 35 parts coinpareir to the
prevous desiqg of 68 parts.

The propowdi tenip'rature reguiator circuit uses the wime block diagram.' approach to the control

loop as the eAmsiiig circuit. It cfeviatriji fromn thif preferred parts list is allow-td, Cnios and

optical i~olators can be Used, Srmpl~tifyii the VCO ar'J one %hot CIrcurtiy (Figure VIII SI The input
amplifier will remivii the same, dn I.C HinStrUInlri anrplifior. Th.- transistor output %ýaqe, can be
simplified if Darlingtoti transistors wre used.

Thiree approachest to the conitrol loop can be takeii. A baiigbtang loorp viould heý ihe fastest and *

~mr~etcircuit. Response to temperature changes vould be inimediae arid highs accuracy can t*

~iie~ A rianq bawii loop mady cause thermadl stressing of the fluid.

A second method wfl-hci 's ritt ;eaunw Ow.frnral stretssnii9 is alinm--ar torrortiotail loop. III order to

ialke this loop stable, l011g rItme conssar.zi wou4u tw reqjuird which would also miake: I, a ilow loop)
During loaddapiain tempeirdtute wuhdersh-%*t viould occur wAd duiring load feiiiava- Ouvei'hot

Vwguld occur c

A third meiithod rsxuld use a lpftear proortxxtiwl loop with load perain lento 0i

"w~uld We wiwsd, and loadI Chogo would I* if*W~teO rit" the heater I .op to speed w the response

Of the aboave ttvthods, the tirit one would 1saver the Imoit Part% And the thirl oXV the lealit The firtt

itietrr would tiaint 30 (atw%, the WonAit aprxiIati20 h.~t and ISC thlird apprOSIMaoely 3
parts An.lyjin4 atid per"ntu~ Old t* ns~cvtsa' to identitmv the kortiniaurt trade off

Wltf' Crmo* Citcuitry useod exterssmtvely 4'1 thit OttIiv. thek *S volt pjower 5upl)I Will riot be flee4led

The icl3 ae, -13 v coldk~ beo pyovimtde by pire opackaged powk-f wvpplie. The pi vwtit detigs use 42

pwitt ftv Owr thirto j pw4A ikei, Thit woA~ud We revLaced Oy tvau po~wertuI wiivWuls,-

Tire Wttte~y that'o moll rernwwo the txt The "aY it toatuc44hI to fthe 11tt'r iS M IO*4 FLd

t ~144 to~ sho WIC"t nn*.thd iOf %~aW" the trfaw~r. tOW Curflrgkt hoa t WWe Qhy %i.4rrernig W

"n"
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limne delays. One main latching circuit ca'n control all power corning into the controller. This would
consist ot two powver relays thit havp contact ratingscm tilwthhetrtum anfnmor

kcurrnt requirements. The logic didgram is shown in Figure VII11 7.

The speed control and ovefspeert sjafety circuit will remain the same except tha; Ctmos will replace

The constant fr--querrcy inverter can remain a packaged purchasvd inverter or incorporated into the
cotitzrols depevr~dinq upon the cost trade-off.

The start iurnp control circuit whichi allows for startirig tr'e pump tnotoir will remain the same.

The rn~iir- ilternitoif rectifier filter carcuit will als~o remnain the same is the current Unit c ontroller.A

REPACKAGING CONCEPT

The existing 2' x 2' x 2' vacka+; can be developed into a viable hiqhly efficient power supply.
however it is riot the optirmim package. Evidence from davlocpment data to date includes.

Noise -mitted by condenser fan.

May riot nieed buth cosatarid var iable Irt-quency myechainiccl circuits. In fact, it is destable
to havie coodeniir ciwlant tan speed follow working I lurn flow r-ither th,ýr run at Conisiant
speed.

Foir incireased opematiq m~argin. the boost p~ump should have, nisof liq~uid htad

The twirner uoeatei better exitendsd away. froe' the beater rather than bueitx-.i

A repackaged unit would tbe 3.5' % 1.5' x 1.5I' 4nd is shown cotepituallv iii Figure V111 There is
riot volumte or .-eight iný-rtajtz (cufftirtly a anditx 210 pounds). Further developmeont tat a boolstjap

- ~ 11 "t. t. implified Culitroll and liimplified accellory drive should rwuiuce the "at% cujiit, wei$ht, and
cost. The repackaging efotot *ill reduc naiit arid iftiptvi mechanveal oWjrt~ixi I

:5 W
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SECTION IX

CALIBRATION REQUIREMENTS SUMMARY
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IX. CALIBRATION REQUIREMENTS SUMMARY

The calibration requirements summary establishes for the measured parameters the tractoahmlity of
me-asurement from the operational equipment to the staitcards of the National Bureau of Standards.

Table IX A lists the parameters measured for which traceability is provided with the following
records. Table I X B dehneates thermocouol)e cailibration.



Table IX.A Traceability and Record td'P~iuficatioi

ParMT)Ctet' Oqcr i ption ID NUmber

TNI Temperature nuzzle inlet (1775100K
TRO Temperatture~ rege~nerator liquid out 0779074K

TRVI Ternpsermurt regenierator vap;or Inlet 0775062K

THWL TenperdlUriL hotwell liquid 0775099K
TVO Ternpirature vaporizer owt 0775103K
THE Tcmp~rast tre heater exh~imit 0775078K
TRVO Tc;npiurature rugwieralof vapor out 0775087K
TRI Temriperature regejnerator liquid inlet 0775085K

CIE Flow ecrtqelizef r FL 305

QE Flow rteune-rizor FL 208
OBP Flow boost piump FL 277

PNI Preurint niiIlle iilO PI 204 & PT 160*
PC Vt c~ur i ciirdenwr PT ',4 & PT 423
PBO( Pri-muii boo%t ouirp out PT 232 & PT 760
P81 Prcesurt: bear ifiq inlet PT 186

U~ed only tur Ing N2 %;pIri checki IPVO)

NOTE. The %tatidard quality conittol p~t i(X betwet-mi cdlibrdtrunm 11.

26 weckli. tor pftm~urev !Ialiduce1 % ttoml the timfe Ut MiWIil

2i6 vi.ek~ -4 to luwmneter - t!UIrr the Tilie~ of initial use aftte

calibration

52 v~ok tue thefi moupl~e trornA tti tifie: it. vialatw ue iattet

C411L~I Jtuf
Th 141(* c~Wvj rm 1I hov~ 5



Tjabl. IX-8 Th.wmwcouPI. Calibration

Range: O0 F to 2400OF

Calibration date: Month 7, Year 1974

Usable pe~riod after calibrtion: I~f year

Instrumnent cali~bration: Mode~l 1 8 x 12 K

Calibration points: 32.0 5~ 00F
186.4 5.90 F

1761.4 '13.2
0 F

Type -- K

Type lhiernmoCOuJýl4,- Clirorel -Alurni.l

PA II"
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CAMP:RATION DATA
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NOTE: The following calibration steps are to be performed only if the above checks were found out
of Spec;

5. Buffer Aero Adjustm•ent.
6. Bias Current Adjustment.
7. Reference Voitage Adjustment.
8. A-D) Zero Adjustmont,

9. + Ca!. Adjustment.
10. Ladder Cal.

12. Remainder Adjustment.
13. Comparator Level Adjustment.
14. RMS Range Amplifier Zero.

15. Balance Amplifier Zero.
16. Balance Gain.

17. AC Zero.
18. Calibration Adjustment/Check.
19. Coarse Calibration.
20. Buffer DC Calibration.

21. Active Filter.
22. Kilohms Calibratiotn.

2 Ohms Calbration.
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GENERATOR
ALTERNATOR
TURBINE
BEARINGS
PITOT PUMP
GEARBOX
HEATER
VAPORIZER
ECONOMIZER
REGENERATOR
CONDENSER
BOOST PUMP
HAND PUMP
DIGITAL CONTROL VALVES
VAPOR SHUTOFF VALVE
CONTROL SYSTEM
COMSUSTOR
AIR/FUEL SYSTEM
FUEL METERING PUMP
ATOMIZING AIR COMPRESSOR
MAGNETO
CONDENSER FAN
AIR SLOWER
ACCUMULATOR
ALTITUDE COMPENSATING VALVE
START PUMP
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